Synthesis and electrical properties of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 piezoelectric ceramics  by Kimura, Takeshi et al.
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a  b  s  t r  a  c  t
(1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 particles  with  x = 0.00–0.08  were  synthesized  by a solvothermal
approach  at  230 ◦C for  48  h.  The  results  of  X-ray  diffraction  analysis  revealed  a rhombohedral–tetragonal
morphotropic  phase  boundary  (MPB)  composition  existed  in  the  range  of x = 0.05–0.06  at room  temper-
ature.  The  ceramics  around  the phase  boundary  composition  provide  excellent  piezoelectric  properties,
i.e.,  the  highest  piezoelectric  constant,  d33, (108  pC/N)  could  be  realized  at x value  of  0.05.  By using  a  cast-eywords:
a0.5Bi0.5TiO3
olvothermal approach
rientation
iezoelectricity
ing  sintering  method,  the  ceramics  consisted  of  the  oriented  rod-like  particles  with  condensed  sintering
body  were  obtained,  and  the  piezoelectric  properties  could  be  improved  to  show  such  a high piezoelectric
constant  as  d33 =  112  pC/N  at x value  of 0.05.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
Lead-based perovskite solid solutions of Pb(Zr,Ti)O3 (PZT) have
een widely used for piezoelectric devices due to their large
iezoelectric constants at the relatively high temperatures [1,2].
owadays, because of the toxicity of lead oxide, it is better to use
ead-free piezoelectric materials in lieu of PZT for environmental
rotection; therefore, there is an increasing interest of investi-
ating lead-free piezoelectric materials. Sodium bismuth titanate,
Na0.5Bi0.5)TiO3 (NBT), has been regarded as a promising candidate
or lead-free piezoelectric ceramics due to its strong ferroelectric-
ty at room temperature [3]. However, NBT suffers from a poling
roblem because of its high coercive ﬁeld (Ec = 73 kV/cm) and high
onductivity, causing a difﬁculty in obtaining desired piezoelec-
ric properties. To solve this problem, various NBT-based solid
olutions have been developed [4–7]. Ba(Mg0.5W0.5)O3 ceramics∗ Corresponding author. Tel.: +81 22 217 5599; fax: +81 22 217 5598.
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xre expected to have high piezoelectric properties due to their
igh elastic compliance, Sij, which were calculated by ﬁrst prin-
iples calculations [8]. However, it is difﬁcult to synthesize the
ingle-phase Ba(Mg0.5W0.5)O3 by solid-state reaction [9]. Recently,
onsiderable research efforts have been devoted to the preparation
f materials by various wet chemical methods, including solvother-
al  process [10], citrate method [11], emulsion method [12],
omposite-hydroxide-mediated method [13], etc. It was found that
ard synthetic phase or morphologies such as plate-like [14] and
ube-like shape [15] particles could be synthesized by the wet
rocesses due to the low reaction temperature and dissolution-
ecrystallization mechanism. One of the approaches to enhance the
iezoelectric properties of lead-free ceramics is the control of the
icrostructure of ceramics by grain orientation. Some approaches
uch as reactive-templated grain growth method and templated
rain growth method have been carried out [16–21].
In the present study, wire- or rod-like particles of
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 with x = 0.00–0.08
ere produced by the solvothermal process and sintered by the
asting method to form ceramics consisted of oriented grains, and
he piezoelectrical properties of the products were examined.
. Experimental.1. Synthesis
(1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 powders with
 = 0–0.08 were synthesized by a solvothermal approach.
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(Fig. 1. A casting process with ﬁltration system.
a(OH)2·8H2O, Bi(NO3)3·5H2O, Na2WO4·2H2O, Mg(NO3)2·6H2O,
i(i-PrO)4 and Li2CO3 (sintering additive [22]) were used as
tarting materials. Firstly, 40 mmol  Ti(i-PrO)4 was dissolved in
5 mL  isopropanol, and then desired amount of Ba(OH)2·8H2O,
i(NO3)3·5H2O, Na2WO4·2H2O, Mg(NO3)2·6H2O, 0.60 mmol
i2CO3 and 35 mL  NaOH aqueous solutions (12 M)  were added
o the precipitate amorphous gel. Then, the slurry solution was
ntroduced into a Teﬂon®-lined stainless autoclave with a 100 cm3
f internal volume. The autoclave was sealed and heated at 230 ◦C
or 48 h in an electric oven, where the autoclave was  rotated at
0 rpm during the reaction using a rotation type hydrothermal
eaction apparatus [23]. After that, the autoclave was taken out to
llow cooling to room temperature. The resulting white powders
ere washed with distilled water and ethanol. Finally, they were
ried at 60 ◦C for 1 h, and calcined at 600 ◦C for 1 h.
.2. Characterizations
The particle morphology was observed by a scanning elec-
ron microscope (SEM. Hitachi S-4800). The X-ray diffraction
XRD) analysis of the obtained powder samples and sintered
eramics was carried out using CuK radiation with a pyrolytic
raphite monochromator mounted powder diffractometer (Bruker,
2 PHASER). The ceramic discs were sintered by a conventional sin-
ering method or the casting method. In a conventional sintering
ethod, the sample powders were uniaxially pressed at 20 MPa
n a steel die to form pellets of 20 mm in diameter and 3 mm  in
hickness, and then isostatically pressed at 200 MPa. On the other
and, in the casting method, the sample powders were dispersed in
thanol, cast on an infundibulum, ﬁltered before uniaxially pressed
t 20 MPa  (Fig. 1), and then isostatically pressed at 200 MPa. Each
ellet was sintered at 1100 ◦C for 2 h.
The fracture surfaces of the sintered bodies were observed by a
canning electron microscope (SEM. Hitachi S-4800). The densities
f the sintered pellets were measured by the Archimedes’ method.
he lattice parameters were evaluated by X-ray diffraction analysis
sing the Rietveld reﬁnement with the RIETAN-FP program [24].
easurements for Rietveld reﬁnements were carried out at 40 kV
nd 30 mA  over the 2 range of 10–130◦ with a 0.02◦ of 2 step size,
nd around 0.3 s of count time, to ensure the maximum intensity
f XRD patterns reach up to 10,000 counts (Bruker, D2 PHASER).
The upper and bottom surfaces of specimens were coated withold paste and ﬁred at 800 ◦C for 20 min  before the electrical
easurements. Prior to piezoelectric measurements, the sintered
odies were shaped as a disk of size 15 × 1.0 mm for the kp, S11E,
33
T/ε0, Qm and phase angle determination, and then the poling
t
(
tig. 2. XRD patterns of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 powders
x = 0.00–0.08) formed by the solvothermal reaction at 230 ◦C for 48 h followed by
alcinations at 600 ◦C for 1 h in the 2 ranges of (a) 10–70◦ and (b) 44.5–48◦ .
reatment was performed in a silicon oil bath at 80 ◦C by applying
 DC electric ﬁeld of 3.0 kV/mm for 30 min  (Withstanding Voltage
ester, TOS 5101). The piezoelectric constant, d33, of the samples
as measured by means of a quasi-static d33 meter (IACAS, ZJ-3BN)
ased on the Berlincourt method at 110 Hz. The dielectric proper-
ies (εr and ε33T/ε0) and other piezoelectric properties (kp, S11E, Qm
nd phase angle) were measured using an Agilent 4294A precision
mpedance analyzer and calculated according to the IRE standards
y the resonant–antiresonant method [25].
. Results and discussion
Fig. 2 shows the X-ray diffraction patterns of
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 powders with x = 0–0.08
ormed by the solvothermal reaction at 230 ◦C for 48 h, followed
y calcination at 600 ◦C for 1 h. The samples consisted of the
ingle phase of (Na0.5Bi0.5)TiO3 (PDF#01-089-3109) structure with
 < 0.06. However, the peaks attributed to BaTiO3 phase, Na2W4O13
hase and Bi phase were observed for the specimens with x ≥ 0.06.
n Fig. 2(b), when the Ba(Mg0.5W0.5)O3 content varies from 0.00 to
.08, the (2 0 0) peak near 47◦ tends to shift slightly toward lower
iffraction angles, as indicated in the enlargement of the peak. This
ndicates that a very small amount of Ba(Mg0.5W0.5)O3 entered in
he matrix of the (Bi0.5Na0.5)TiO3 according to Bragg’s equation
2d sin = ). However, when a large amount of Ba(Mg0.5W0.5)O3
as added into the specimen, excess Ba, Mg  and W ions reacted
ith the ions in the matrix to form impurity compounds.
Fig. 3 shows the SEM images of as-prepared powders. The
1−x)(Na0.5Bi0.5)TiO3–xBa(Mg0.5W0.5)O3 samples consisted of the
od-like particles with diameters of 50 nm and lengths of up to sev-
ral tens of micrometers together with micro-cubes of 0.5–4.0 m
f one side length. As shown in Fig. 2, the samples consisted of
he single phase of (Na0.5Bi0.5)TiO3 structure with x < 0.06, indi-
ating that both rod-like and cube-like particles are the same
Na0.5Bi0.5)TiO3 compound, although the formation process of
hem during the solvothermal process might be different.
Fig. 4 shows the X-ray diffraction patterns of undoped
Na0.5Bi0.5)TiO3 powders synthesized by the solvothermal reac-
ions at 230 ◦C for 6 h and 48 h. Although the sample synthesized for
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Fig. 3. SEM images of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 powders with (a) x 
t  230 ◦C for 48 h followed by calcinations at 600 ◦C for 1 h.
8 h was a single phase of (Na0.5Bi0.5)TiO3, the sample synthesized
or 6 h showed a second phase of Bi4Ti3O12 (PDF#01-089-7500)
tructure. It was reported that the Bi4Ti3O12 crystal tended to grow
s rod-like shape particle [26,27]. In contrast, the (Na0.5Bi0.5)TiO3
ompound tends to grow as cube-like particles due to the perov-
kite cubic or rhombohedral structures. Therefore, the rod-like
articles of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 shown in
ig. 3 might be obtained via the formation of Bi4Ti3O12 as an inter-
ediate precursor, while the cubic-like ones might be produced
ia the formation of (Na0.5Bi0.5)TiO3 precursor.The samples were sintered at 1100 ◦C for 2 h with heat-
ng rate of 10 ◦C/min, by the conventional sintering method
nd casting sintering method, respectively. Fig. 5 shows the
ig. 4. XRD patterns of the undoped (Na0.5Bi0.5)TiO3 powders synthesized by the
olvothermal reactions at 230 ◦C for 6 and 48 h.
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c0, (b) x = 0.020, (c) x = 0.035, and (d) x = 0.050 formed by the solvothermal reaction
canning electron micrographs (SEM) of the fracture surfaces of
he (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 (x = 0–0.050) ceram-
cs sintered at 1100 ◦C for 2 h. After sintering, the rod-like
orphology was still apparently maintained for x = 0.00 compo-
ition, indicating that the rod-like grains resulted in an orientation
rowth by a casting sintering, but in a random growth by a con-
entional sintering. On the other hand, for x = 0.035 and 0.050
ompositions, the number of rod-like grains by both sintering
ethod decreased and no obvious differences were observed. In
ig. 5(a) and (b), by the conventional sintering method and the
asting sintering method, the average diameter of each undoped
Na0.5Bi0.5)TiO3 grain except for rod-like one was  almost the same
alue around 20 m.  The average diameter decreased from 20 m
o several m with an increase in the amount of Ba(Mg0.5W0.5)O3.
his result indicated that the grain growth of specimens was greatly
epressed by doping small amounts of Ba, Mg  and W ions. Similar
esults were reported by adding excess amounts of Na, Bi and Ti
ons in the (K0.5Na0.5)(Nb1−xTax)O3–K5.4CuTa10O29 ceramics [28].
Fig. 6 shows the XRD patterns of the
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 (x = 0–0.08) ceramics
intered at 1100 ◦C for 2 h by the casting sintering method. The
eramics consisted of the single phase of (Na0.5Bi0.5)TiO3 (PDF#01-
89-3109) structure with x < 0.06. However, the peak of Na3BiO3
hase was observed for the specimens with x ≥ 0.06. Although the
amples for x = 0.06 and 0.08 compositions had impurity phase, the
eaks shifted slightly toward the lower diffraction angles with the
ncrement of x values in the sample. The rhombohedral symmetry
f pure (Na0.5Bi0.5)TiO3 at room temperature is characterized by a
0 0 3)/(0 2 1) peak splitting between 39.0◦ and 41.5◦ and a single
2 0 2) peak between 44.5◦ and 48.0◦. In Fig. 6(b), the (0 0 3)/(0 2 1)
eak splitting is still distinguishable until x = 0.06. In Fig. 6(c), distinct peak splitting can be seen at x ≥ 0.05 and beyond,
orresponding to a tetragonal symmetry. Therefore, it can be
nferred that the MPB  of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3
eramics lies within the composition range of 0.05 ≤ x ≤ 0.06
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Fig. 7 shows the lattice parameters and lattice volumes of the
intered bodies by the conventional sintering method and casting
intering method for the rhombohedral ferroelectric phase. The
m
d
o
c
ig. 6. XRD patterns of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.08)
0–70◦ , (b) 39.0–41.5◦ , and (c) 44.5–48.0◦ .eramics (x = 0.000–0.050) sintered at 1100 ◦C for 2 h by (a, c, e) the conventional
on: (a, b) 0.000, (c, d) 0.035, and (e, f) 0.050.
attice parameters of the samples by the conventional sintering
ethod and casting sintering method showed the similar ten-
ency with the amount of Ba(Mg0.5W0.5)O3. The lattice parameter
f a monotonously increased with an increase in Ba(Mg0.5W0.5)O3
ontent. On the other hand, the lattice parameter of c and lattice
 sintered at 1100 ◦C for 2 h by the casting sintering method in the 2 ranges of (a)
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Table 1
(a) bulk density, , (b) relative density, ′ , (c) electromechanical coupling factor, kp, (d) piezoelectric constant, d33, (e) elastic compliance, S11E, (f) relative dielectric constant,
ε33T/ε0, (g) mechanical quality factor, Qm, and (h) phase angle of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.06) sintered at 1100 ◦C for 2 h by the conventional
sintering method.
No-casting 0.01 0.02 0.035 0.045 0.05 0.055 0.06
a  (g/cm3) 5.57 5.62 5.56 5.63 5.61 5.66 5.31
b  ′ (%) 93.1 94.1 92.7 94.1 93.5 94.6 88.9
c  kp (%) 6.42 8.18 20.4 18.9 24.7 15.6 8.02
d  d33 (pC/N) 37 47 92 100 108 93 34
e  S11E (10−12 m2/N) 4.31 4.35 4.89 5.05 5.11 4.81 5.09
f  ε33T/ε0 359 371 390 437 553 729 5.03
g  Qm 190 272 286 134 130 107 20.4
h  Phase angle (◦) −52.6 −14.3 68.7 37.5 60.3 22.4 −81.6
Table 2
(a) density, , (b) relative density, ′ , (c) electromechanical coupling factor, kp, (d) piezoelectric constant, d33, (e) elastic compliance, S11E, (f) relative dielectric constant,
ε33T/ε0, (g) mechanical quality factor, Qm, and (h) phase angle of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.06) sintered at 1100 ◦C for 2 h by the casting
sintering  method.
Casting 0.01 0.02 0.035 0.045 0.05 0.06
a  (g/cm3) 5.60 5.65 5.68 5.54 5.71 5.37
b  ′ (%) 93.7 94.6 94.7 92.6 95.3 92.6
c  kp (%) 7.93 10.7 21.9 15.4 26.5 7.97
d  d33 (pC/N) 54 63 94 94 112 70
e  S11E (10−12 m2/N) 4.27 4.12 4.54 4.31 5.02 3.80
f  ε33T/ε0 341 402 429 462 594 2.99
v
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(
sg  Qm 591 414 
h  Phase angle (◦) 13.9 34.2 
olume increased at ﬁrst with increasing Ba(Mg0.5W0.5)O3 con-
ent up to x = 0.05, while the lattice parameter and lattice volume
ith x ≥ 0.05 changed irregularly. It might suggest that the rhom-
ohedral phase of (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 crystal
hanged to tetragonal phase at x value of around 0.05.
Tables 1 and 2 and Fig. 8 summarize the bulk density (), relative
ensity (′), electromechanical coupling factor (kp), piezoelectric
ig. 7. (a) and (b) lattice parameters and (c) lattice volume of
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.08) sintered at
100 ◦C for 2 h by the conventional sintering method and casting sintering method.
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(277 45.9 166 347
71.4 −35.4 69.0 −10.3
onstant (d33), elastic compliance (S11E), relative dielectric con-
tant (ε33T/ε0), mechanical quality factor (Qm), and phase angle of
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.06)
intered at 1100 ◦C for 2 h by the conventional sintering method
nd casting sintering method. With increasing the molar frac-
ion of Ba(Mg0.5W0.5)O3, the kp, d33, S11E, and phase angle ﬁrstly
ncreased, reached to a maximum value and then decreased. Gener-
lly, the ceramics around the phase boundary composition provide
xcellent piezoelectric properties. The highest values of kp, d33,
11
E, and phase angle for (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3
ith x = 0.05 by the conventional sintering method were 24.7%,
08 pC/N, 5.11 × 10−12 m2/N, and 60.3◦, respectively. These piezo-
lectric properties demonstrate that the compositions near the
PB have relatively high piezoelectric and electromechanical
ctivities due to the increment of the number of possible sponta-
eous polarization and also the coexistence of rhombohedral and
etragonal phases. The increase in the value of the phase angle
y doping with Ba(Mg0.5W0.5)O3 might contribute to decrease
he coercive ﬁeld (Ec). By using the casting sintering method, the
ensities of ceramics are higher than that by the conventional
intering method, the rod-like particles were orientated in the
intered body, and the piezoelectric properties were improved,
.e., the highest values of kp, d33, S11E, and phase angle for
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 with x = 0.05 by the cast-
ng sintering method were 26.5%, 112 pC/N, 5.02 × 10−12 m2/N,
nd 69.0◦, respectively. Furthermore, when the casting sintering
ethod is compared with the conventional method, the differ-
nces of d33 were large for x ≤ 0.0.2, while small for 0.035 ≤ x ≤ 0.05.
n Fig. 5, the orientation growth of rod-like grains can be appar-
ntly observed for x = 0.00 composition, but there were few rod-like
rains for x = 0.035 and 0.050 compositions. Therefore, the piezo-
lectric properties were improved due to increase in the density of
he sample by casting sintering, and the improvement of the piezo-
lectric constant might be related to the orientation of rod-like
articles.
It was  reported that the piezoelectric constant, electrome-
hanical coupling factor and depolarization temperature of
1−x)(Na0.5Bi0.5)TiO3−xBaTiO3 ceramics made by the citrate
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tig. 8. The values of (a) electromechanical coupling factor, kp, (b) piez
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics (x = 0.00–0.06) sintered at 1100
unction of Ba(Mg0.5W0.5)O3 concentration.
ethod reached to the maximum values of d33 = 176 pC/N,
p = 21.2% and Td = 88 ◦C at x = 0.06 [29], which agreed with the high
lectromechanical coupling factor and depolarization temperature
in Fig. 9) in the present research.
Fig. 9 shows the temperature dependence of the dielec-
ric constant (εr) and dielectric loss (tan ı) for unpoled
o
o
o
ig. 9. Temperature dependence of the dielectric constant of (1−x)(Na0.5Bi0.5)TiO3−xBa(
 = 0.035, and (c) x = 0.050 sintered at 1100 ◦C for 2 h by the casting sintering method, and
he  conventional sintering method and casting sintering method.tric constant, d33, (c) elastic compliance, S11E, and (d) phase angle of
 2 h by the conventional sintering method and the casting sintering method as a
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics at frequen-
ies ranging from 1 to 100 kHz. For the specimen with the
omposition of x = 0.00, two  abnormal dielectric peaks were
bserved during the heating process. On the other hand, for
ther specimens (x ≥ 0.030), one abnormal dielectric peak was
bserved. The temperature corresponding to the peak in the low
Mg0.5W0.5)O3 ceramics at frequencies ranging from 1 to 100 kHz with (a) x = 0, (b)
 (d) frequencies ranging at 100 kHz with x = 0–0.050 sintered at 1100 ◦C for 2 h by
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emperature range is denoted as depolarization temperature (Td),
nd the temperature corresponding to the maximum value of
ielectric constant is referred to as the maximum temperature
Tm). For x ≥ 0.03 compositions, the peaks showing depolarization
emperature of specimens could not be found by the dielectric
onstant data. Following Hiruma et al., the depolarization temper-
ture Td* could be deﬁned as the ﬁrst peak in the dielectric loss
urve of the poled samples as a function of temperature [30,31].
owever, the Td* values determined using two tangent lines on
he dielectric loss-temperature curves for the unpoled samples
ere lower than that for poled samples or that determined using
yroelectric measurements [31,32]. Depolarization in the vicinity
f Td arises from an electric ﬁeld induced ferroelectric to inter-
ediate antiferroelectric state [33–35]. The MPB  compositions
xhibit a lower depolarization temperature, suggesting the strong
omposition-dependent behavior. Very similar behavior has
ecently been reported in closely related to doped (Na, Bi)TiO3
ystems by Bai et al. [36].
. Conclusion
The piezoelectric properties of (Na0.5Bi0.5)TiO3 were suc-
essfully improved by doping with Ba(Mg0.5W0.5)O3 and using
he cast sintering. The powders synthesized by the solvother-
al  approach consisted of rod-like particles. The resulting
1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3 ceramics exhibit excel-
ent piezoelectric properties around the rhombohedral–tetragonal
orphotropic phase boundary. The piezoelectric constant attains
 maximum value of d33 = 108 pC/N at x = 0.05. By using the
asting sintering method, the sintering property was  improved
nd the rod-like particles were orientated in the ceramics,
nd the d33 of the (1−x)(Na0.5Bi0.5)TiO3−xBa(Mg0.5W0.5)O3
ith x = 0.05 was improved to such a high value as
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